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High strain rate 
Failure mechanisms 
A B S T R A C T   
The present study deals with the quasi-static and high strain rate characterization of Kevlar-129 based ther-
moplastic composites. Two different thermoplastic matrices, namely, Polypropylene (PP) and Polyetherimide 
(PEI) were used to manufacture composite laminates. Quasi-static compression tests were performed at strain 
rates of 0.041 s− 1 and 0.045 s− 1. High strain rate tests were performed using a split Hopkinson pressure bar 
apparatus within the strain rates ranging from 2548 s− 1 to 4379 s− 1. Stress-strain relations reveals the rate- 
sensitive behaviour of composites. Kevlar/PP (K-PP) showed higher peak stress under quasi-static loading as 
compared to the high strain rate test. Comparable peak stresses were revealed under quasi-static and high strain 
rate loading for Kevlar/PEI (K-PEI) composite. Also, high strain rate compression properties such as peak stress, 
peak strain and toughness of K-PP were 25%, 27% and 6% higher than that of the K-PEI composite. The failure 
mechanisms of both the composites were characterized through macroscopic and scanning electron microscopy. 
K-PP failed majorly due to matrix crush and fibre failure while K-PEI failed due to shear cracking. Damage study 
reveals that a single fibre based composite system can be tailored to act as an energy-absorbing or dissipating 
material system by varying the thermoplastic matrix materials.   
1. Introduction 
Fibre reinforced plastic (FRP) composites have emerged as a new 
class of materials over the last few decades for a wide variety of struc-
tural applications like bicycle frame, automobile, aerospace, buildings, 
marine and armor. The primary reason behind the widespread use of 
FRPs is their high specific strength and stiffness, coupled with superior 
corrosion resistance and efficient uses in competitive designs. Many 
applications like aerospace, protective structures and marine applica-
tions demand higher impact resistance as they are subject to high- 
velocity impact load and explosions during their service life. 
The rate of loading plays a significant role in deciding the mechanical 
properties of a material. Rate of loading affects the deformation/damage 
behaviour of a material, governed by different mechanisms at different 
strain rates dictated by the speed of impacting projectile. The damage of 
a composite material as an outcome of high velocity projectile impact 
can be either ductile fracture or brittle fracture, depending on the con-
stituents of the composites. Quasi-static characterization had been the 
preferred choice due to the availability of various standards to perform 
the tests under negligible inertial effects at a slow rate of loading. The 
response of the material changes with an increase in the rate of loading 
[1]. Under high strain rate loading conditions, the elastic-plastic 
wave-propagation effect becomes critical in the material. Since inertial 
effects come into action along with the adiabatic heating of the material. 
Adiabatic heating results in variation in the deformation/damage 
behaviour and associated with damage response is material strength 
characteristics. FRPs are extensively used for high strain rate applica-
tions in ballistics, aerospace and naval applications. Therefore, the study 
of composite systems meant for such applications is essential to reveal 
the nature of material behaviour as a function of the rate of loading. 
Several studies were carried out to reveal the rate-dependent 
behaviour of neat polymers [2–4] as well as individual fibres [5–10]. 
Nakai and Yokoyama [2] studied six different polymers, including 
polypropylene (PP), under quasi-static and high strain rate loading and 
reported that polymers exhibit intrinsic dynamic viscoelastic–plastic 
behaviour. Omar et al. [3] studied three polymers, including PP within 
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the strain rate range of 10− 2 s− 1 to 1100 s− 1 and reported an increase in 
the yield strength by 150%. Mutter [4] studied neat Polyetherimide 
(PEI) under static and high strain rate loading conditions.Based on the 
macro-mechanical response, the quasi-static stress-strain curve of PEI 
was classified into four distinct regimes. A significant change in stress as 
a function of strain rate was noted with thermal softening resulting in 
lower stress under quasi-static loading [4]. 
Similarly, individual fibre and bundles have also been studied to 
reveal the rate-dependent behaviour of fibres. Lim et al. [5] measured 
small axial strain (5%) of Kevlar 129 fibre using a non-contact laser--
based technique in a miniaturized tension Kolsky bar for a constant 
strain rate of 1500 s− 1. It was reported that with an increase in the gauge 
length, ultimate strength and strain decreases while modulus increases. 
Tan et al. [6] characterized quasi-static and rate-dependent mechanical 
properties of aramid yarns. They reported that strength increases as a 
function of the rate of tensile loading in the range of 0.0003 s− 1 to 400 
s− 1. Wang and Xia [9] studied the tensile behaviour of Kevlar 49 fibre 
bundles under quasi-static and dynamic strain rates of loading. Signifi-
cant growth in modulus with nominal growth in strength, strain and 
toughness was observed with an increase in the strain rate. Zhang et al. 
[11] reported Young’s modulus and tensile strength increment as the 
tensile strain rate increased from 25 to 50 s− 1 for Kevlar-29 and 
Kevlar-49, respectively. However, further increment in the strain rate till 
200 s− 1 resulted in the decrement of properties [12,13]. 
Composites derived from above mentioned individual constituents 
have also been studied for the rate effect on their mechanical behaviour. 
Woo and Kim [14] studied the progress of failure in Kevlar woven 
composite under high strain rate loading using acoustic emission tech-
nique. An increased modulus, strength and toughness with decreasing 
strain as a function of rising strain rate was reported within the 
compressive strain rate range of 1182–1460 s− 1. Damage studies 
revealed that failure primarily consisted of matrix fracture, fibre–matrix 
debonding, cracking and some fibre breakages due to the impact force. 
Woo et al. [15] extended their work on studying Kevlar/carbon hybrid 
composite and revealed that strength increases as a function of strain 
rate. Though the growth pattern of the hybrid composite was identical to 
the neat Kevlar composite, the presence of carbon completely changed 
the damage behaviour of the composite. The hybrid woven Kevlar/-
carbon composite failed due to matrix fracture, pull-out of the Kevlar 
and carbon fibres, interfacial failure and debonding. The brittle rupture 
of carbon fibres and fibrillation of Kevlar fibres was due to the 
compressive stress acting perpendicular to the fibre were the important 
findings of their study. Viswanathan et al. [16] worked on Kevlar/Po-
lyethylene composite having a high fibre volume fraction of 85%. They 
concluded that yield stress increases and yield strain decrease at high 
strain rates in both the in-plane and in the thickness directions as 
compared to the quasi-static properties. Shaker et al. [17] studied the 
rate-dependent behaviour of Aramid and ultra-high molecular weight 
polyethylene fibre reinforced composites and reported that 
Uni-directional (UD) aramid-reinforced composite possesses the highest 
out-of-plane compression properties. However, energy absorption was 
noted highest for the hybrid composites. 
Similar studies are available in the literature focusing on the high 
strain rate compressive behaviour of different composites to reveal the 
fact that the strength properties vary with rising strain rates [18–20, 
30].. The literature available on comparison of the quasi-static and high 
strain rate testing generally uses different dimensions of a specimen. 
Whereas quasi-static testing demands international standards like ASTM 
D6641 to follow the specimen’s aspect ratio. High strain rate testing, on 
the other hand, requires specimen aspect ratio resulting in negligible 





where υis the material’s Poisson’s ratio [21]. Therefore, there is a strong 
need to reveal the effect of the rate of loading on identically dimen-
sioned Kevlar-thermoplastic composite specimens, as presented in the 
literature [1,19] for other fibre-based composite systems. However, not 
much literature is available on the comparison of quasi-static properties 
with high strain rate properties of identically dimensioned 
Kevlar-reinforced high-performance thermoplastic polymers like impact 
grade PP and PEI. Compared to thermosetting matrices, the use of 
thermoplastic matrix can further enhance the performance of compos-
ites due to their lower density and viscosity [22,23]. 
The objective of the present study was to characterize the behaviour 
of Kevlar reinforced thermoplastic composites under quasi-static and 
high strain rate compression loadings. Two different composites were 
manufactured using Kevlar 129 fabric with impact grade PP and PEI as 
matrices. Quasi-static compression tests at low strain rate and dynamic 
compression tests at high strain rates were performed on these com-
posites using split Hopkinson pressure bar (SHPB) set-up. The high strain 
rate properties of K-PP and K-PEI were compared in terms of peak stress, 
peak strain and toughness. Dynamic failure mechanisms were analysed 
at both macroscopic and microscopic scales. 
2. Experiments 
2.1. Materials 
Kevlar 129 (K129) fabric with a two-dimensional plain woven 
structure (Grade: 802F, Make: DuPont) was used as reinforcement. High 
impact Polypropylene (Grade: Repol CO15EG, Make: Reliance Poly-
mers) and Polyetherimide (Grade: Ultem 1000, Make: Sabic) were used 
as the matrix in the form of films. 10% Maleic Anhydride grafted 
Polypropylene (MAgPP) was used to enhance the bonding between 
Kevlar fibre and PP matrix [16]. The importance and schemes of 
improving the bond strength between Kevlar fibre and matrix materials 
are well discussed in the literature [24]. Vacuum-assisted compression 
molding method was used to manufacture composite laminates of Kevlar 
129/PP (K-PP) and Kevlar 129/PEI (K-PEI) consisting of 24 layers. The 
stacking of fabric and matrix sheets was placed in the vacuum assisted 
compression molding chamber. After closing the molding chamber, a 
pressure of 10 bar was applied at a temperature of 200 ◦C for PP and 
350 ◦C for PEI. A vacuum of ~500Hg was implemented to avoid the 
formation of voids. After completion of the reaction time, laminates 
were brought to ambient temperature while pressure was maintained. 
Laser machining was carried out using a 400W continuous wave fibre 
laser (Model: RS400, SPI lasers, UK) to produce cylindrical specimens 
from flat laminates. The diameter of the specimen was kept constant at 
11.5 mm, resulting in a theoretical aspect ratio of ~0.42, within 
experiment tolerance of ±5% error. 
Fibre volume fraction (FVF) and density play a substantial role in 
deciding the mechanical behaviour of composites. The burn-off test was 
performed for both the K-PP and K-PEI composites as per ASTM D2584. 
However, simultaneous degradation of Kevlar fibre and PEI matrix 
didn’t allow FVF determination through the burn-off test. Therefore, the 
thermal decomposition behaviour of the constituent elements was 
studied using Thermogravimetric analysis (TGA). TGA also helps in 
understanding the response of the composites under elevated tempera-
ture conditions. Accordingly, TGA was performed on the constituent 
materials i.e. K129 fabric, PP and PEI, as well as, on the K-PP and K-PEI 
composites, to determine the percentage decomposition as a function of 
temperature. TGA was performed using Q200 of TA Instruments (Make: 
New Castle, Delaware USA). The processing parameters used were: (a) 
rate of heating: 20 ◦C/min, (b) atmosphere: Nitrogen, (c) temperature 
range: 50 ◦C to 850 ◦C and (d) initial mass of the specimen material: 
10–15 mg. 
It was observed that PP decomposed completely within the temper-
ature range of 445–505 ◦C. The primary decomposition temperature 
range of K129 fibre was observed from 570 to 615 ◦C. The decomposi-
tion temperature of PEI was in the range of 545–600 ◦C, which is similar 
to that of K129 fibre (Fig. 1a). From manufacturers datasheets, it is 
known that PP and PEI attain liquid phase above 200 ◦C and 350 ◦C, 
respectively, at room pressure. Above a temperature of 505 ◦C, PP 
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decomposed completely. However, PEI retained 50.9% and Kevlar 
retained 36.5% of its initial mass even at a temperature of 850 ◦C. This 
indicates that decomposition of K129 and PEI results in char content 
when heated to 850 ◦C. Due to heating, hydrogen and oxygen were 
removed from the PEI and Kevlar, leaving carbon residue. The existence 
of char content at elevated temperatures is a good sign, as the presence 
of matter will leave laminate with some strength as compared to the zero 
massed ash of PP. Therefore, the use of PEI may be recommended for 
matrix material if composites are to serve at elevated temperature 
conditions. 
It is evident from the TGA of constituent materials that K-PP com-
posite will result in two distinct zones of weight loss and the same was 
observed experimentally (Fig. 1b). The first loss of mass depicted in K-PP 
decomposition was due to the decomposition of the PP matrix. The 
material left after 505 ◦C was only K129, which continues to lose the 
mass until 850 ◦C. The final weight of K-PP composite was 27.9% of the 
initial mass. The resulting final weight of K-PEI composite was 39.1% at 
850 ◦C. However, due to the simultaneous decomposition of Kevlar and 
PEI, the determination of FVF by the burn-off test for K-PEI was not 
feasible. It may be noted that char content in K-PEI composite was 40% 
higher than the K-PP composite. Although in the case of K-PP, FVF was 
determined by the burn-off test, a different technique was required for K- 
PEI. Therefore, for consistency of results, dissolution by the solvent 
technique was adopted to determine the FVF of both the composite 
materials. 
Xylene and N, N, Dimethyl Acetamide (DMAc) were used at 80 ◦C 
(atmospheric pressure) for 2 hours to dissolve the matrix content of the 
K-PP and K-PEI composites, respectively. The density and FVF were 





mc is the mass of the composite, Vc is the volume of the composite and ρc 







where Vf is the FVF, Wi is the initial weight of the composite, Wf is the 
final weight of fibre left after dissolving matrix, ρc is the density of 
composite and ρf is the density of the fibre (1440 kg/m
3). FVF and 
density of the composites are presented in Table 1. 
2.2. Quasi-static and high strain rate tests 
Quasi-static testing was performed using a 100 kN Instron Universal 
Testing Machine (UTM) with a 0.001–500 mm/min speed range and 
load measurement accuracy of ±0.4%. All the quasi-static compression 
tests were performed at a constant cross-head speed of 5 mm/min. 
High strain rate tests in the compression direction (through-the- 
thickness) of the specimens were performed using the SHPB apparatus at 
the Indian Institute of Technology Delhi, India (Fig. 2). This SHPB set-up 
comprises three Titanium (Ti6Al4V) bars of 16 mm diameter, a striker 
bar of length 240 mm, an incident bar of length 1200 mm and a trans-
mission bar of length 1200 mm. The titanium bars had a density of ρ =
4430 kg/m3, Young’s modulus of 113.8 GPa and elastic wave speed in 
the bar material is 5068 m/s. To obtain the adequate dynamic equilib-
rium in the SHPB test, a pulse shaper having 1.4 mm thickness and 3.1 
mm diameter of Linatex (natural rubber) was used between the striker 
bar and incident bar. The schematic of the SHPB set-up is shown in 
Fig. 2. A clear discussion on the working of this SHPB setup is explained 
in detail in the literature [23]. 
One-dimensional wave propagation in elastic bars with particle 
motion in longitudinal direction serves as the basis of design for the 
SHPB test. Complete instrumentation, theory and methodology of SHPB 
are systemically explained in literature [25,26]. The analytical relations 
for the determination of specimen strain (ε), strain rates (ε̇) and stress (σ) 
as a function of time using one-dimensional wave propagation theory 





εr(t)dt (3)  
ε̇= − 2Ce
Ls
εr(t) (4)  
σ =EbAb
As
εt(t) (5)  
where Ce is the wave velocity in the bar material, εr(t) is the reflected 
strain gauge signal, εt(t) is the transmitted strain gauge signal, Ls is the 
Fig. 1. TGA results: (a) Kevlar-129, PP, PEI and (b) K-PP, K-PEI composites.  
Table 1 
Physical properties of the laminates.  
Laminate No. of layers Density (kg/m3) FVF (%) 
K-PP 24 1145 60.70 
K-PEI 24 1250 64.85  
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length of the specimen, Eb is the modulus of the bars, Ab is the cross- 
sectional area of the bar and As is the cross-sectional area of the 
specimen. 
For the calculation of the strain rate of homogenous materials, the 
slope of the strain rate-time curve serves the purpose. However, in the 
case of the dynamic loading of composites, stress wave attenuation is 
substantial. Therefore, in this case, the scheme suggested in the litera-
ture [27,28] for materials showing stress wave attenuation is used. The 
strain rate in this work was calculated by dividing the area under the 
strain rate-strain curve up to maximum strain under loading by the 
maximum strain. 
3. Results and discussion 
Quasi-static and high strain rate compression tests were performed 
on 24 layered K-PP and K-PEI composites. The strain rates varied 
depending on the constituents of the composites. At least three experi-
ments were conducted to establish the material properties. In this sec-
tion, the quasi-static and high strain rate compression response of K-PP 
and K-PEI composites was discussed and compared wherever feasible. 
From high strain rate response, the limiting strain rate was defined as the 
strain rate at which an apparent failure was observed in the specimen. 
The failure of these composites was discussed through digital images 
and SEM. 
3.1. Quasi-static and high strain rate response 
Fig. 3 depicts the stress-strain behaviour of K-PP composites under 
quasi-static and high strain rate loading. Under quasi-static loading, the 
K-PP specimen exhibited a linear response with no damage up to a strain 
of 8%. After a strain of 8%, the K-PP specimen followed a non-linear 
path with a sudden rise in the slope of the curve, indicating initiation 
of plastic deformation. The primary cause of strain growth at this point 
was matrix deformation. After 25% of strain, the specimens again 
showed a linear path, which may be treated as equilibrium in plastic 
deformation until the peak load is attained. At peak load, the specimen 
fractures and stress drop instantaneously. The resulting strain rate was 
calculated as the ratio of peak strain to time. 
In the case of high strain rate loading, at strain rates below 4000 s− 1 
K-PP composite resulted in the unloading of the specimen after attaining 
peak stress. The phenomenon of unloading with a finite strain of 5% in 
the K-PP specimen indicates an internal failure without the occurrence 
of notable macroscopic damage. The strain retained by the specimen is 
an indicator of fibre-matrix debonding and PP matrix damage. It may be 
noted that at a strain rate of 2548 s− 1, a loop in the stress-strain curve 
was depicted at peak stress in the form of growth in stress with falling 
strain. This unique phenomenon of stress growth with depleting strain 
was deliberated based on elastic strain energy release as a function of 
damage. At high strain rates (4048 s− 1), an initial linear segment in the 
stress-strain curve was insignificant, which indicates early attainment of 
the elastic limit under high strain rates of loading, followed by a non- 
linear segment. At peak stress, the specimen fractures and the stress 
diminishes. At a strain rate of 4379 s− 1 specimens failed catastrophi-
cally. The catastrophic failure at the highest loading rate resulted in the 
enhanced slope of the stress-strain curve, but early damage of specimen 
resulted in a slight decrement in peak stress. Also, the phenomenon of 
sudden stress drop at failure was replaced by a gradually diminishing 
stress curve, as depicted in Fig. 3. The continuous enhancement in the 
slope of stress-strain curves as a function of rising rates of loading ver-
ifies that composite was rate sensitive. These findings are in accordance 
with the fact that Kevlar fibre [6,7] and thermoplastic (PP) polymer [2, 
3,15] is highly sensitive to dynamic loading rates. 
It may be noted that the peak stress attained in the quasi-static 
response of the K-PP composite was higher than that of high strain 
rate loading. The phenomenon of higher stress attainment in the case of 
quasi-static testing may be attributed to the higher time of test along 
with peak heat generation at the center of the specimen. At a low (quasi) 
rate of loading, the matrix gets sufficient time to distribute the generated 
heat. As a result, the fibres can adjust within the matrix. This 
Fig. 2. Schematic SHPB set-up for high strain rate compression tests.  
Fig. 3. Quasi-static versus high strain rate response of K-PP.  
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phenomenon of adjustment continues until a few layers or fibre bundles 
are displaced to produce the delamination effect. At this condition, the 
UTM detects a sudden change in dimension and the same was recorded 
as a sudden drop in the load. Whereas, in the case of high strain rate 
loading, thermal softening takes place due to adiabatic heating. Adia-
batic heating, coupled with high strain rate loading results in matrix 
crushing on the end surfaces. Also, the impedance mismatch between 
the specimen and incident/transmission bar enhances the damage at the 
end surface of the specimen. After a limiting condition, the stress wave 
attains sufficient energy to delaminate Kevlar layers from the trans-
mission side. Hence, the resulting peak stress attained by the specimen 
was less. 
Fig. 4 presents the quasi-static and high strain rate response of K-PEI 
composites to reveal the difference in behaviour of material due to a 
change in strain rate. Under quasi-static loading, a linear stress-strain 
growth was observed until a 10% strain. The linear stress growth was 
followed by a non-linear growth resulting in plastic deformation up to a 
strain of ~20%. Further growth in stress was linear in nature, indicating 
a stable plastic deformation as a function of induced strain until fracture. 
A minor variation in the quasi-static strain rate for a constant rate cross- 
head speed of 5 mm/min from 0.045 s− 1 for K-PP to 0.041 s− 1 in case K- 
PEI is due to relatively early brittle fracture of K-PEI. 
The high strain rate loading of K-PEI up to 2500 s− 1 resulted in an 
intact specimen with stress recovery resulting in a permanent strain of 
11–14%. At this strain rate, the failure in the K-PEI was microscopic. For 
identical loading conditions, K-PP composite experienced permanent 
strain below 10%, indicating the effect of matrix variation on the com-
posite properties. The limiting strain rate for K-PEI was 3212 s− 1, 
beyond which visible major failure ensues and it was catastrophic in 
nature. The peak stress increased with an increase in the strain rate up to 
a threshold and beyond this threshold, peak stress decreased. 
Further higher loading rates resulted in the identical higher slope of 
stress growth. The peak stress decreased at a strain rate of 4274 s− 1, due 
to early brittle failure of the specimen and this brittle nature of PEI 
matrix completely varied with the rate-dependent phenomenon of the 
composite. When compared to quasi-static test results, the dynamic K- 
PEI properties were higher. Higher stresses under dynamic load condi-
tions were attributed to lack of time for damage growth in case of dy-
namic load conditions as compared to quasi-static loading conditions. 
Though Kevlar yarns were present in the K-PEI specimen, the PEI matrix 
dominated the failure mechanisms by undergoing brittle failure. 
3.2. Failure analysis 
Failure analysis was performed macroscopically and microscopi-
cally. The macroscopic analysis was carried out by taking digital images 
of the specimens as soon as the test was completed. Microscopic analysis 
was performed by assessing failed images using scanning electron mi-
croscopy (SEM). 
3.2.1. Macroscopic analysis 
Fig. 5 shows the macroscopic damage of K-PP composites under 
quasi-static and high strain rate loading conditions and the damage 
patterns were significantly different. In the case of high strain rates, at a 
strain rate of 2548 s− 1 (below-limiting strain rate), unloading of stress 
indicated macroscopically insignificant damage and the specimen was 
intact without any significant visible damage. The only failure observed 
was through matrix crushing and fibre-matrix debonding (Fig. 5a). At 
limiting strain rate (4048 s− 1), the surface in contact with incident bar 
(front face) (Fig. 5b) suffered matrix crush while the surface in contact 
with transmission bar (back face) (Fig. 5c) was damaged due to release 
of few Kevlar layers and some fibres stuck to the free surface. This type 
of failure indicates the delamination as a primary mode of failure of the 
K-PP composite. At a strain rate of 4379 s− 1, the matrix was no more 
capable of holding the fibres and the fibres started squeezing out at 
multiple locations resulting in delamination and fibre pull-out at mul-
tiple locations (Fig. 5d). 
Fig. 5e depicts the view of the K-PP specimen under quasi-static 
loading. It was observed that the top and bottom surfaces in contact 
with platens of UTM were insignificantly damaged and Kevlar fibres 
were busted out from the center of the specimen (Fig. 5e). It may be 
noted that in the case of a high strain rate of loading, the total loading 
time was less than 150 μs, while in quasi-static loading, the same was 
above 10 sec. Due to the availability of sufficient time for adjustment of 
fibre and matrix, the quasi-static test resulted in the sliding of Kevlar 
layers from the center of the specimen as depicted in Fig. 5e. To check 
the state of the specimen at the center, the specimen was opened 
manually (Fig. 5f). Matrix free irregular surface with the minor inclined 
plane was observed; however, the angle could not be measured due to 
the irregularity and fibrous surface. This may be attributed to the 
viscous nature of the PP matrix. Due to compressive loading, the heat 
generated inside the specimen permitted the fibres to squeeze out from 
the viscous PP matrix. 
Fig. 6 shows the damage patterns of K-PEI composite under quasi- 
static and high strain rate loading conditions and these patterns were 
significantly different. Besides, the damage patterns were entirely 
different as compared to the K-PP composite. Irrespective of the type of 
loading, K-PEI composite behaved in a brittle manner, resulting in 
distinct shear failure. In the case of a high strain rate, at a strain rate of 
2230 s− 1 (Fig. 6a), the specimen was intact and the failure was micro-
scopic. The fibrous sheared surface clearly indicates a distinct shear 
plane (Fig. 6b), when the specimen was loaded at 3212 s− 1 strain rate. 
Further higher strain rates resulted in multiple damaged pieces. The 
difference of failure in K-PEI and K-PP specimens was damaged/dis-
lodged in the former case, while the latter case resulted in delamination 
on the transmission side of the specimen at higher strain rates. In the 
case of quasi-static loading, the double-sided brittle fracture was 
observed. The resulting specimen after the quasi-static test was broken 
down into three distinct pieces, as shown in Fig. 6d. The shear plane for 
K-PEI specimens loaded under high strain rate and quasi-static loading 
was in the range of 30◦–50◦. However, most of the specimens under-
going brittle damage and resulted in a distinct single shear plane with a 
shear plane angle of 40◦–45◦. A precise value of shear plane angle cannot 
be claimed due to the fibrous surface after specimen failure. The vari-
ation in shear plane angles is attributed to the rate of loading and minor 
difference in the composition/microscopic defects of an individual 
specimen. 
Fig. 4. Quasi-static versus high strain rate response of K-PEI.  
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3.2.2. Fractography 
Fig. 7 shows SEM micrographs of the K-PP specimen impacted at a 
strain rate of 2548 s− 1. The specimen may be divided into three distinct 
zones for a better understanding of the damage pattern. The microscopic 
failure primarily consisted of crushing, cracking, and fracture of the 
matrix with fibre-matrix debonding, fibre pull-out and local delamina-
tion. The surface in contact with the incident bar receives the impact and 
stress wave travels through the specimen with several internal 
fibre–matrix failure in the form of de-bonding (Fig. 7a), resulting into 
the rise in the reflection voltage well before transmission signal rise. 
Fig. 5. Macroscopic failure of K-PP composites: (a) 2548 s− 1, (b) 4048 s− 1 (incident side), (c) 4048 s− 1 (transmission side), (d) 4379 s− 1, (e) quasi-static damage 
(intermediate layers) and (f) quasi-static (opened two sides of specimen). 
Fig. 6. Macroscopic failure of K-PEI composites: (a) 2230 s − 1, (b) 3212 s− 1, (c) 4274 s− 1 and (d) Quasi-static.  
Fig. 7. SEM micrographs of K-PP at 2548 s− 1: (a) incident bar side (b) mid of specimen and (c) transmission bar side.  
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Edge failure was an outcome of dislodging of the matrix in the powder 
form from the composite specimen as a function of the incident stress 
wave. Matrix crushing resulted in fibre exposure on the end surfaces of 
the specimen. Matrix cracking, shear and crushing induced void for-
mation and local delamination were primary failure modes at mid- 
section of the entire specimen (Fig. 7b). Fibre fracture was confirmed 
by the presence of broken fibre ends. On the transmission bar side of the 
specimen, severe damage was depicted. Fibre fracture, matrix crushing 
and delamination were depicted in Fig. 7c. 
Fig. 8 shows the SEM micrographs of K-PEI specimen at higher strain 
rates. At a strain rate of 2230 s− 1, no significant failure was observed 
through SEM. Beyond this strain rate, the K-PEI specimen failed into 
pieces due to the brittle nature. Therefore, SEM micrographs of these 
specimens at the impact side are shown. At higher strain rates, specimen 
macroscopically disintegrated into multiple failed pieces due to multiple 
brittle cracks induced shear planes. As an outcome, multiple bundles of 
failed fibres, broken fibres along with disintegrated matrix lump were 
noticeable (Fig. 8a). At few locations, fibre matrix shear plane is visible 
due to shear crack propagation (Fig. 8b). Also, shear failure of the matrix 
along with fibre within a lamina were noted. At a few rare locations, 
fibre thinning was also depicted (Fig. 8b), indicating the resistance 
offered by Kevlar fibre due to which a consistent shear plane is not 
witnessed. All the failure modes were majorly due to the brittle nature of 
the PEI matrix and this shear failure was consistent with the macro-
scopic images observed. Similar damage phenomenon resulting in ma-
trix damage induced delamination followed by fibre failure has been 
reported in the literature for both, the HSR testing [17,18,20] and for 
projectile impact [29]. 
3.3. Comparison of quasi-static and high strain rate response between K- 
PP and K-PEI 
Under quasi-static and high strain rate loading conditions, K-PP 
exhibited a ductile response while for K-PEI it was brittle. Under quasi- 
static loading, the maximum stress of K-PP composite was higher as 
compared to the peak stress obtained at limiting high strain rates. 
However, in the case of K-PEI, the maximum stress under quasi-static 
loading was lower than the limiting strain rate of loading. This may be 
attributed to the brittle nature of K-PEI composite. At high strain rates, 
after unloading, at a strain rate of 2230 s− 1, the permanent strain 
induced in K-PEI specimen was above 10% and for K-PP it was less than 
10% at a strain rate of 2548 s− 1. Another important point of difference 
between K-PP and K-PEI composite was in peak strain rate acquired. K- 
PP attained the highest strain rate as compared to the K-PEI under 
identical loading conditions. This difference in properties for Kevlar129 
fibre-based composite was attributed to change in the deformation and 
damage behaviour of matrix material. Table 2 depicts the stress and 
strain attained by K-PP and K-PEI specimen under quasi-static and high 
strain rate loading. It can be observed that the K-PP composite exhibited 
better performance as compared to the K-PEI composites. 
Fig. 9 shows the comparison of high stain rate properties between K- 
PP and K-PEI composites. The high strain rate results of K-PP and K-PEI 
revealed a significant difference in strain rates and dynamic compressive 
properties. An important point of concern is the effect of specimen 
aspect ratio. For both the composites, the specimen dimensions resulting 
in an ideal aspect ratio revealed the highest stresses. The limiting strain 
rate at which physical damage ensues for K-PP was 4048 s− 1 while for K- 
PEI it was 3212 s− 1. At limiting strain rate, K-PP attained 25%, 27% and 
6% higher peak stress, peak strain and toughness as compared to the K- 
PEI composite, respectively. Also, the properties of K-PP were compared 
with the Kevlar 29 reinforced PP composites (K29-PP) reported in the 
literature [15]. 
The strain rates reported in Ref. [15] were 2538 s− 1, 3239 s− 1 and 
4264 s− 1, which were close to the strain rates obtained for K-PP in the 
present study. High strain rate properties of present K-PP were 3–12% 
and 38–54% higher in terms of peak stress and peak strain, respectively, 
as compared with that of K29-PP [15]. The toughness of K-PP of the 
present study was less at lower strain rates as compared to that of 
K29-PP [15]. However, toughness enhanced over K29-PP with an in-
crease in the rate of loading. Table 3 shows the high strain rate prop-
erties of K-PP and K-PEI composites. 
4. Conclusions 
In the present study, a comparative study on the quasi-static and high 
strain rate response of K-PP and K-PEI composites was carried out. 
Quasi-static testing of K-PP composite revealed that it’s primarily the 
viscous nature of PP matrix, which permits sliding of Kevlar layers as a 
function of the rate of loading and number of layers. This behaviour 
changes from sliding of middle layers to delamination of end layers 
while moving from quasi-static to high strain rate loading. Also, 
Fig. 8. SEM micrographs of K-PEI at 3212 s− 1.  
Table 2 
Quasi-static and limiting strain rate properties of K-PP and K-PEI.  
Type of laminate K-PP K-PEI 
Quasi-static peak stress (MPa) 986 ± 47 460 ± 23 
Quasi-static peak strain (%) 46 ± 2.2 29 ± 1.6 
Dynamic peak stress at limiting condition (MPa) 738 ± 36 447 ± 21 
Dynamic peak strain (%) 22 ± 1.4 23 ± 1.5  
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dynamic loading permits fibre pull-out and matrix crushing, a phe-
nomenon missed during quasi-static testing of K-PP composite. K-PEI, on 
the other hand, revealed the brittle composite fracture. Based on the 
present work following conclusions were drawn;  
(i) The compressive properties enhance with increasing strain rates 
of loading for K129 composites under high strain rate regime. 
However, it may not be possible while switching from quasi-static 
to high strain rate loading.  
(ii) Interestingly, K-PP composite under quasi-static loading could 
perform better compared to dynamic loading for identical spec-
imen dimensions. The peak stress of K-PP under quasi-static test 
was 33–47% higher than the dynamic test results. In the case of K- 
PEI, the results were opposite to K-PP test results.  
(iii) High strain rate properties of K-PP of the present study were 
3–12% and 38–54% higher than that of K29-PP composites in 
terms of peak stress and peak strain, respectively. K-PP of the 
present study is better than K29-PP for the high strain rate 
conditions.  
(iv) With the increasing rate of loading, the composite properties 
enhance until limiting strain rate of loading, after which prop-
erties start depleting.  
(v) PP is capable of allowing fibre deformation and fibre pull-out 
under compression, whereas PEI matrix-based composites suffer 
brittle fracture without allowing fibre movement.  
(vi) Kevlar-thermoplastic composites can be tailored as energy- 
absorbing or dissipating material systems by varying the ther-
moplastic matrix material from PP to PEI. 
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3239 0.11 516 54 
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